Conformational fluctuations in single nucleic acid molecules have recently been observed through excited state lifetime measurements. Immobilisation of the sample molecule has also enabled direct observation of the fluorescence intensity fluctuations generated as the molecule switches between two conformations. As a probe for conformational fluctuations we use tetramethylrhodamine linked to a 217-bp DNA oligonucleotide. The measurements on this and similar systems reveal the existence of a distribution of reaction rates between the conformations. Here we report 37 detected single-molecule conformational fluctuations collected with the same immobilisation method as described earlier. Within the time window of observation the reaction rates differ between the molecules, but stay constant within a single molecule. The distribution of the relaxation rates between the molecules correspond to the distribution seen in a bulk measurement on a similar system. We therefore conclude that within the observation time window the single DNA molecules behave in a non-ergodic way. q
Introduction
The last years numerous reports showing the pos-Ž . sibility of single-molecule detection SMD in solution and on surfaces, by near-and far-field miw x croscopy have been published 1-6 . In addition, other SMD reports show that properties of molecules w x differ either between molecules 7,8 or within a w x single molecule as a function of time 9-11 . Likely the explanation for changes in properties within a molecule is conformational. In the case of fluorescent molecules these changes shift the photophysical ) Corresponding author. E-mail: rudolf.rigler@mbb.ki.se behaviour of the fluorophore. Recently several reports have shown single-molecule conformational w x fluctuations in a more controlled system 12-15 . A double stranded DNA with tetramethylrhodamine Ž . TMR attached through a carbon atom linker has been shown to fluctuate between two conformations; one where the TMR molecule is attached to a guanosine base and one where it is not. In a study of single tRNA Phe molecules where TMR was attached to w x 4-thiouridine a similar behaviour was seen 13 . Guanosine has a known quenching effect on rhodamine dyes and this effect is not obtained by other w x nucleotides [16] [17] [18] . The conformational fluctuations in these sample molecules have been detected either as the existence of separate excited state lifetimes in w x a single molecule 12,13,15 , or as direct shifts in the ( )fluorescence intensity of the dye as it attaches or w x detaches to the specific quencher 14 .
By the use of fluorescence correlation spec-Ž . troscopy FCS , bulk measurements in solution on a double stranded DNA molecule have revealed a distribution of reaction rates between the two conformaw x tions 12 . The question has been raised whether this Ž is a distribution between molecules heterogeneous . Ž . case or a distribution in time homogeneous case . Different reaction rates can arise if one conformation of a molecule exists in several conformational subw x states 19,20 . For the question to be answered a direct observation of the individual transitions between the two conformations is necessary. Through immobilisation of a 217 bp double stranded DNA on a glass surface via the biotin-streptavidin interaction this was accomplished, and within the time window of observation the obtained data supported the hetw x erogeneous case 14 . It was however clear that either measurements over longer time ranges or more detections of the same kind were necessary for a final determination to be made. In a recent paper an expression was derived which describes the probability density for the fraction of time that one of two states is occupied during a given measuring interval. Application to data obtained on the present sample w x molecule supported the heterogeneous case 21 . Here we present data on the same sample molecule and with the same immobilisation method as was used in w x Ref. 14 . The relaxation rate of each detected molecule is calculated and the distribution is compared with the distribution analysis made on the w x similar system in Ref. 12 .
Materials and methods
The sample molecule, a 217-bp double stranded Ž . DNA labeled with tetramethylrhodamine TMR through a six carbon atom linker at the 5-prime end, was obtained by PCR. As template in the PCR we Ž . Ž . used M13 mp18 q strand DNA 7250 bases .
X Ž . As forward primer 5 -TMR -AAAGGGG -GATCTGCTGCAAGGCG was used and as reversed X Ž . primer 5 -Bi -GCTTCCGGCTCGTATGTTGTGTG was used. Streptavidin-coated coverslips were prepared, and through the biotin-streptavidin interaction the biotin end of the sample molecules was attached to the coverslips. PCR conditions, control analysis of the PCR product by use of FCS, preparation of streptavidin coated coverslips used for immobilisation, and immobilisation of DNA on coverslips w x are described in Ref. 14 .
The experimental setup for FCS has been dew x scribed in Ref. 1 . A Zeiss 40 = NA 0.9 objective provided an excitation volume of 1 mm diameter and Ž 4 mm length. A scanning table ITK Lahnau, Ger-. many; MC-2000 , movable in three dimensions with 1 mm steps, was used to move the coverslip relative to the excitation volume. In the search for single fluctuating DNA molecules a random spot on the coverslip surface was positioned into the excitation volume after which the intensity measurement was immediately started. If a single molecule was found the search procedure could be interrupted and the intensity measurement continued on the same spot for as long as necessary. The fluorescence intensity measurements were taken with a digital correlator Ž . ALV, Germany; ALV-5000 . An excitation intensity such that the average fluorescence intensity did not exceed 3 kHz per molecule was used.
Results
The evidence for a single-molecule detection Ž . SMD is a constant fluorescence intensity which suddenly and irreversibly drops to background level w x as photo-induced decomposition occurs 22 . After an assumed decomposition intensity collection was continued for an additional 30 s in order to confirm that the molecule was really decomposed. More than 100 detections were made where the survival time Ž . time before decomposition occurs was too short for any transitions to be observed. In the case that the molecule is fluctuating between two conformations, fluorescence intensity fluctuations between a low and a high level can be observed before decomposi-Ž . tion occurs Fig. 1a-d . In 37 cases fluorescence fluctuations were detected.
In most cases the fluorescence intensity difference between the low fluorescence level and the background intensity could not be distinguished; how-Ž ever, in a few cases the difference was clear Fig. 1a . Ž and c . The occupation time alternatively on-or off-time, depending on whether the molecule is in . the high or low fluorescent conformation is defined as the time spent in one conformation between two consecutive transitions. Occupation times shorter than the 20 ms resolution of the intensity trace will not be Ž . seen, or appear only as peaks or dips with a smaller amplitude. Such fluctuations were therefore not taken into account, and accordingly the shortest occupation time recorded was 20 ms and the fastest reaction rate was 50 s y1 . Histograms of the on-and off-times of Ž all detected transitions were calculated Fig. 2a and . b and analyzed according to
where t is the characteristic occupation time and occ t is the effective survival time of the molecules. The survival time of the molecules has to be considered in the analysis since it affects the probability of detecting transitions. The survival time has w x been analyzed 22 and was fixed to 2.7 s. Both histograms required an additional term for acceptable Ž . fits to be achieved. Thus Eq. 1 was extended to
However, due to the limited amount of data points the additional occupation time could only be estimated. The average occupation times were t s 0.16 " 0.07 s and t s 4 " 4 s , 3
Ž .
on , 1 on , 2 t s 0.03 " 0.009 s and t s 4 " 4 s . 4
The normalized amplitudes for the shorter occupation times were 0.86 for the on-times and 0.94 for the off-times. Analysis of histograms 2a and 2b according to a stretched exponential model was attempted but did not give acceptable fits.
The reaction on-rate of a molecule is defined as the average of the inverse of the occupation time in the low fluorescent conformation, and analogous for the reaction off-rate. The relaxation rate of a molecule is defined as the sum of the reaction rates, k s k The relaxation rate for the similar sample molecule in bulk was obtained by FCS. In order to achieve an acceptable fit of the data from diffusing molecules undergoing conformational fluctuations, a relaxation factor consisting of a distribution of exponentials Ž Ž . . was required formula 5
Ž . In formula 5 N is the average number of molecules in the excitation volume, k is the relaxwŽ . Ž .x 2 ation parameter and A s K 1 y Q r 1 q QK , where K is the equilibrium constant between the two conformations and Q is the quantum yield ratio.
Discussion
The histogram of the individual relaxation rates for all molecules show a distribution which ranges from 1 to 50 s y1 . In addition, there is a clear ) correspondence between the relaxation rate histogram and the distribution of rates obtained from Ž . bulk measurement Fig. 3 . For the sample molecule, this is a strong indication in favor of the heterogeneous explanation for the distribution of relaxation rates. Actually the heterogeneity of the system can be observed directly in the intensity traces. For example, there is a clear difference in the rates between the fast fluctuations in Fig. 1a and the slower ones in Fig. 1c ; however, within the two molecules the rates are constant. A debated question has been whether the behaviour of molecules can be expected to be the same in solution and on surfaces. Despite the fact that in the many-molecule experiment a slightly different primer was used, which in addition was not attached to a surface but diffusing w x freely in solution 12 , the relaxation rates of the two systems correspond well. Thus at least for this sample molecule the dynamics observed in solution seem to be unaffected by attachment on a surface.
The 20 ms resolution in the intensity traces sets an upper limit of 100 s y1 for the relaxation rates. However, for a single molecule to display such a high relaxation rate requires a combination of reaction rates and survival time which has very low probability. In practice relaxation rates ) 50 s y1 will not be observed, and thus a comparison of bulk and single-molecule data cannot be made for relaxy1 Ž . ation rates exceeding 50 s Fig. 3 . In a recent paper a model describing the probability density that one of two states is occupied during a defined meaw x suring interval was derived 21 . In the analysis where the model was applied to fluctuating molecules of the same type as used here, a time resolution of 0.25 s was used. Even though we use a much higher resolution of 20 ms, the data presented here and the w x probability density model analysis used in Ref. 21 both indicate a heterogeneous distribution of reaction rates.
From the intensity traces some other information is obtainable in addition to the finding that the heterogeneous distribution of the relaxation rates correspond to the distribution seen in bulk measurements. For example, a single molecule can have one constant on-rate and a different constant off-rate Ž . Fig. 1b , a phenomenon with the principal explanation that the free energy of the quenched conformation is closer to the top of the energy barrier between the conformations than the free energy of unquenched TMR. The relaxation rate of the trace in Fig. 1b is 39 s y1 , which gives no indication of the existing slow off-rate of 1 s y1 . This is a typical example of the limitations of bulk measurements. Even though a distribution in the relaxation rates can be revealed and the equilibrium constant between the conformations can be estimated, the question of how the distributed on-and off-rates are put together in a single molecule will remain unknown. In principle, a distribution in the relaxation rates can origin from the existence of one constant on-rate -common for all molecules -and a distribution in the off rates, or vice versa. In the data molecules with on-rates which were more than three times as large as the off-rates were more common than molecules where the two rates were of equal magnitude. Very few molecules were seen which had a fast off-rate and a slow on-rate. This is in accordance with the mean fraction of time of 0.22 spent in the quenched conformation obtained from excited state lifetime bulk measurements.
The histograms of the on-and off-occupation times showed a decay according to a two exponential Ž . term model Fig. 2a The ergodic hypothesis assumes that measurement of the time average of a quantity on a single member of an ensemble will give the same result as a short measurement of the average of the same quantity on the whole ensemble. However it is for example well ( )known that proteins can fold into deep free energy minima in numerous different ways, and this can affect the availability of an active site in the protein to surrounding molecules. If the proteins do not change their structures over time scales which by far exceeds the characteristic reaction time, they will in practice constitute a heterogeneous ensemble. Whether the system should be regarded as nonergodic will then be a question of how long the dynamics of a single protein can be observed. If the energy landscape of our sample molecule is such that the dye can be quenched by the guanosine from Ž more than one free energy minimum conformational . substate , a mixture of reaction rates in a single molecule can be seen. If several such substates exist all molecules can in principle behave identically and still generate a distribution of relaxation rates, since Ž . each molecule behaves as the ensemble ergodicity w x 19,20 . Depending on the shape of the energy barriers the dye could either do many on-and off-transitions into one substate before changing to another substate, or the dye could use the different substates more randomly. The latter cannot be the case for our sample molecules since all except one trace do not show a mixture of occupation times. The former possibility however cannot be excluded. In one trace two consecutive occupation times differed by more Ž . than a factor of 300 Fig. 1d . A simulation of single exponentially distributed occupation times gives that the probability of two such consecutive occupation times is 0.007. Even if the 18 detections that had Ž . equal prerequisites sufficient survival times are taken into account, the probability is still 0.9 that such an event will not be seen in single exponentially distributed occupation times. It is therefore possible that the trace in Fig. 1d shows a shift from a slower to a faster mode of fluctuation. If that is the case the system may still be regarded as ergodic if it is only given enough time to go through all different w x reaction rate modes. In a recent work 25 fluorescence fluctuations due to enzymatic turnovers of single cholesterol oxidase molecules were analyzed. A distribution in the turnover number of the enzyme due to conformational fluctuations was observed. A two conformational state model was sufficient for explaining the distributed turnover number; however, even a broad a distribution of substates could not be excluded.
In the conformation where TMR is attached to the guanosine base an electron transfer mechanism will compete with the photon emission process. Thus the attachment to guanosine results for TMR in an additional excited state lifetime of 1.36 ns as compared w x to 4.06 ns for free TMR 14 . As a consequence the fluorescence intensity of TMR when attached to guanosine is reduced by a factor of three. The effect is for TMR and other rhodamine dyes only obtained w x by guanine [16] [17] [18] . In a stack between Rh6G and guanine in aqueous solution a reduction of the lifetime of Rh6G from ; 4 ns to 200 ps has been w x observed 16 . Such a strong quenching has not been observed in excited state lifetime measurements on the present sample molecule. However, in most traces the fluorescence intensity difference between the quenched conformation and the background intensity could not be distinguished, which could be the result of a heavily quenched low fluorescent conformation. Likely the explanation for different quenching strengths is the distance dependence of the electron transfer probability, and the different ways in which the dye can attach to the quencher. In three traces two separate fluorescence levels were seen in addi-Ž . tion to the low fluorescent conformation Fig. 1c . If TMR can be quenched from several conformational substates it is likely that the quenching strength is not equal at the different substates. The existence of more than one quenched conformation in a similar sample molecule has recently been proposed by w x Eggeling et al. 15 .
A prerequisite for observing single-molecule fluctuations is a sufficient survival time of the fluorescent probe. We used an excitation intensity such that the average fluorescence intensity of the molecules was 3.4 kHz and the characteristic survival time 4.1 w x s 22 . Likely the more than 100 detected molecules that showed no fluctuations did so because their survival times were too short in comparison to their occupation times. However, we cannot exclude that Ž . some molecules were truly non-fluctuating. Eqs. 1 Ž . and 2 describe the joint probability that a detected molecule survives a certain time and displays a certain occupation time. A 50% probability of detect-Ž ing two consecutive transitions needed for a fluctua-. tion to be recorded requires that the survival time t s is 1.5 times the occupation time t . Thus the occ Ž .
Ž . effective survival time in Eqs. 1 and 2 is fixed to ( )2.7 s, as compared to the characteristic survival time of the detected molecules of 4.1 s.
In conclusion, with the time window of observation and the limiting survival time of the fluorophores, we report a non-ergodic behaviour in the conformational fluctuations of single DNA molecules. The average relaxation rates of 37 detected molecules were distributed with a mean of 22 s y1 , and the distribution found correspond to the distribution seen in a bulk measurement on a similar sample molecule. The average fraction of time spent in the quenched conformation was 0.17 which corresponds well to the fraction of 0.22 observed in excited state lifetime bulk measurements on the sample molecule. In addition, to the main occupation times a small component of ; 4 s was observed. Such times deviate from base-pair opening rates w x previously observed 23 , and have to be explored further. Examples of single molecules which exist in conformations with different quenching intensities have been observed. In addition, a possible indication of a mixture of reaction rates in a single molecule has been seen. Such a behaviour can arise if a molecule inherits several conformational substates within a single conformation. It seems however that the sample molecule will not go randomly into either one of the quenched substates, but instead fluctuate in and out of one substate for a while before changing to another, as is suggested by the heterogeneous distribution of the molecules. This is in line with theoretical conclusions of a very rough conformational landscape for complex molecules such as prow x teins 26 .
